In exact contrast to former studies involving injection, the so-called acoustic boundary-layer is found to depreciate when suction is increased or when viscosity is reduced. This response is similar to that of the Stokes layer over hard walls. In all cases, the effect of increasing frequency is consistently found to decrease the rotational layer near the wall.
With regards to suction flows in rectangular channels, Berman was first in using asymptotic tools to solve the steady flow problem for the small suction case. 2 Soon after, Yuan, 3 Sellars, 4 and Terrill 5 developed solutions that extended over increasingly larger ranges of suction. For example, Yuan 3 extended
Berman's range to 20 R ! , and Sellars 4 produced one exact solution for R " # . For large suction, Terrill 5 presented an asymptotic solution that contained viscous corrections of order 1 
R
$ . As R " # , Terrill's leading-order term reproduced Sellars' exact solution for infinite suction. Note that later studies have indicated that three total solutions could exist for large R . [6] [7] [8] Two of these solutions, one being stable to temporal perturbations, share the same inviscid leadingorder term. In this article, we shall refrain from addressing unstable solutions. In fact, an assumed stable solution will be utilized to represent the mean flowfield.
It should be noted that former mean flow studies have not considered possible fluctuations in the wall suction rate. Such fluctuations can be inevitable and take place at random frequencies. Those matching the channel's natural frequencies are amplified to the point of promoting a self-sustaining acoustic field. The oscillatory pressure disturbances that are produced give rise to acoustic velocity oscillations that alter the mean flow character. The velocity oscillations stem from both acoustic (pressure-driven) and vorticity (boundarydriven) disturbance modes. 9 Since no other study seems to have explored the resulting temporal field, it is the purpose of this article to find an analytical solution that can be used to characterize the self-induced oscillatory field in a channel with large wall suction. For cases that involve externally induced oscillations (as opposed to self-triggered oscillations), the same analysis presented here can be employed.
The mathematical modeling starts in Sec. II with a definition of the system geometry. This is followed by a listing of pertinent assumptions, including a description of the mean flow solution that is to be used.
In Sec. III, the governing equations are presented and decomposed into mean and time-dependent sets.
Section IV deals with the temporal set, which is further broken down into an acoustic and a vortical component.
The pressure-driven response is dealt with immediately, while the rotational component is left to be evaluated in Sec. V. There, an exact solution to the vortical momentum equation is derived, following a LiouvilleGreen transformation that is applied to the normal boundary-layer equation. The attainment of the vortical set completes the solution for the oscillatory velocity which is described in Sec. VI.
II. Defining the Basic Flow Model

A. The Porous Channel
We consider a long slender channel with porous walls that are separated by a distance 2h . Fluid is withdrawn from the porous surfaces at a uniform wall velocity w v . Having defined the length and width of the channel as L and w , we make the assumption of a two-dimensional planar flow by imposing the condition w h %% . In fact, Terrill 5 has shown that when the ratio of the width to the height of the channel is 
where s a refers to the stagnation speed of sound, and m is the oscillation mode number.
B. Limiting Conditions
In order to simplify the analysis to the point where an analytical solution can be attempted, several restrictions must be observed. First, the mean flow is assumed to be laminar. The mechanisms of mixing, swirling, or turbulence are also discounted. Constant thermostatic properties are used, and the oscillatory pressure amplitude is taken to be small in comparison to the stagnation pressure. Finally, owing to the fact that the mean flow is obtained for an infinitely large Reynolds number, our solutions are limited to 10 R * * #.
C. The Steady Sellars Flow
The mean flow solution can be obtained by employing the similarity parameter suggested by Berman. 2 In the absence of small amplitude pressure disturbances, the Navier-Stokes can be solved exactly through the use of the steady stream function 
For a study concerned large suction, we consider the case investigated by Sellars 4 , Terrill 5 , and Zaturska et al. 6 for which exact for R " # . With this choice of F , the velocity and vorticity fields can be written as
The foregoing mean flow solution satisfies all the boundary conditions, including the no-slip at the wall.
After normalizing the mean pressure by s p $ , (where $ is the ratio of specific heats, and s p is the stagnation pressure), the complete momentum equation becomes
Integration gives
III. Governing Equations
A. Normalized Navier-Stokes
In order to express the differential conservation principles, we evoke dimensionless parameters and see that spatial coordinates are normalized by h , the total instantaneous velocity is normalized by s a , and time is referenced to the system's oscillation frequency s " .
Employing asterisks to represent dimensional variables, spatial and temporal coordinates, velocity, pressure and density can be set as
where s % is the stagnation density. Following this choice, the equations of continuity and motion can be expressed in the non-dimensional form ( )
Equations (9)- (10) 
B. Perturbed Variables
With the introduction of small amplitude oscillations at a frequency s " , the instantaneous pressure can be expressed as the linear sum of the time-dependent and steady components:
where
is the pressure wave amplitude. Expressing the density in the same manner, one gets
Following Lighthill 10 in the assumption of small oscillations, the total velocity can be expanded as
C. Total Field Decomposition
Equations (11)- (13) must be inserted back into Eqs. (9)- (10). The zero-order terms yield the mean flow
Equations (14) and (15) describe the intimate coupling between mean and steady motions. They clearly indicate that the mean velocity 0 u has a strong influence on the oscillatory flow component.
IV. Temporal Field Decomposition
A. Irrotational and Solenoidal Vectors
In order to proceed, the temporal disturbances are split into solenoidal and irrotational components. Using a circumflex to denote the curl-free pressure-driven part, and a tilde for the divergence-free boundarydriven part, the time-dependent velocity component can be expressed as
The decomposition charges all vortices to the solenoidal field, and compressibility sources and sinks to the irrotational field. Such decomposition is based on a fundamental theorem of vector analysis that was first addressed by Stokes 11 in 1849 and proven rigorously by Blumenthal in 1905. Furthermore, the theorem is at the root of Helmholtz's work on vortex motion in 1858 and is of great importance in both fluid dynamic and electromagnetic theories.
B. The Linearized Navier-Stokes Equations
Insertion of Eqs. (16)- (17) into Eqs. (14)- (15) leads to two independent sets that are only coupled through existing boundary conditions. One set that we call acoustic is compressible and irrotational; the other, we call vortical, is incompressible and rotational. These responses are byproducts of pressure-driven and vorticity-driven oscillation modes at ( ) & ! .
The Acoustic Set
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The Vortical Set
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C. Coupling Conditions
Two boundary conditions must be satisfied by the unsteady velocity component 1 u . These are the no-slip condition at the wall 1 ( , 0) 0 u x ! , and symmetry about the midsection plane,
5 ! .
D. Acoustic Solution
As we multiply Eq. (18) by i" $ , take the divergence of Eq. (19), and add resulting terms, a wave equation is produced:
A solution, at ( ) M ! , can be achieved through the use of separation of variables. This solution, corresponding to longitudinal oscillations, is obtainable through the use of the rigid wall boundary conditions. At the oustet, the acoustic pressure and velocity are
E. Vortical Equations
Assuming that the ratio of the normal to axial velocity is of the same order as the Mach number (i.e. 
is the Strouhal number. For large suction, Eq. (25) becomes
An exact solution to Eq. (26) is presented next.
V. The Exact Solution
A. The Separable Boundary-Layer Equation
An exact solution to Eq. (26) can be achieved through the use of separation of variables. Assuming
substitution into Eq. (26) leads to 
where n c is an integration constant associated with n ' . Satisfaction of the no-slip boundary condition at the wall requires setting the acoustic and vortical velocity components equal and opposite at 0 y ! . One finds
Using a series expansion of the sine function, and setting the result equal to Eq. (29), one gets
Equating terms yields
where 0,1, 2,..., n ! #. The expression for the rotational component becomes
In order to complete Eq. (33), n Y needs to be determined from Eq. (28). The search for n Y leads to a boundary-value problem of the form
that is subject to
The two boundary conditions stem from the no slip and core symmetry requirements. 
B. The Liouville-Green Transformation
with boundary conditions
Next, we define
These change the derivatives of n Y into
) )
where primes stand for differentiation with respect to r . Substitution of these derivatives into Eq. (36) gives
The functions ) and ( are now chosen to force the variable coefficients in the transformed equation to be constant values. To do this, the coefficient of the first derivative term is set equal to zero
Integrating gives
By imposing
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Furthermore, setting
Finally, the transformed equation, and corresponding boundary conditions become ( )
C. The Complete Solution
Equation (47) is a Weber differential equation. This type is known to have independent solutions that are parabolic cylinder functions of the form
Due to the complexity of the parabolic cylinder functions, symbolic programming is employed to evaluate the constants 1 K and 2 K . This is done in fulfillment of the boundary conditions given by Eq.
(48). The result is ( )
where K is Euler's Gamma function and L is the confluent hypergeometric function. The latter is expandable in a series of the type
Substitution of Eqs. (49) and (50) into Eq. (37) leads to
One may now revert back to original variables and revisit Eq. (33). One finds
Using continuity, the normal component of the rotational velocity can now be deduced. From Eq. (20) we have
In view of Eqs. (53)-(54), the total oscillatory velocity can now be constructed by summing both acoustical and vortical components. At length, one obtains c ! .
D. Numerical verification
The analytical solution that we constructed can be easily verified via comparisons with the numerical solution of Eq. (26). This can be accomplished using the same numerical code that was developed by
Majdalani and Van Moorhem 1 for the injection case.
For large suction, we obtain a uniform agreement of at least six significant digits using a step size of 
VI. Discussion
